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' ABSTRACT
ﬂ rend
Studies nm carried out to deteruine certain basfc propertius
of the complex ntal sulfide, SbSbSy, that peruin to its use as 2 solfd '
lubricant and lubricant additive matertal. Past research 4o demonstrated

that this material exhibited superior extreme pressure (EP) performance,
antiwear properties, and high tlluperature. stability. The present maffch
»ed verified the performance under EP conditions as an additive to a .

base grease. However the performance of SbSbS; as a solfd lul »fcant (‘Iﬁ

the form of a powder) was not found to be effective at_tqeraturis below:
about 225°C. It was noted though that, when used as a dry powder lﬁbria‘nt, '
the compound did produce a thick adherent film on steel sufﬁcos‘ 16 sliding
contact.' Six different types of wear and friction tests were carried out

undcr various conditions of load, s1iding speed, contact gueutry.
temperature, and time, in order to fully explore the potential of SbSbSs
as a lubricant on several different metals. In a number of cases, its
performance was compared with MoS2 and with other sulfur conta_ining'
additives 1n lubricants. Electron microscopy studfes on film mteria)
renoved from the sliding contact surfacu m that the 1mmzm
of sulfur released from SbSbSy with the stul wrfm. prnuum.v 3
locolly elevated temperatures, s a principal mechanism, However, thi
physical characteristics of the ShBbSq f11m n the ‘ ‘

8130 have 2 significant role in 1ts overall performmnce.
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eva uatjon and chgracterization of the Wear prope ?13‘;', of aet{aﬁl dssugas% e¥zat

Tubricated y_ith c_ertain i_no_rganic so_l id sul fur, couppunds,. . s’-"’?ﬂ-ﬂ 2 $088 1

materials, such as stsbS , Mve bm sho\vn to exhibit super“"' ? i no'inf«*
Bl 2 I

mssnr,s\;( F.")y«rf@ﬂlapce . antivear properties, and high temperature stablility,
under laboratory test conditions (l-4) It was inportant in the present

work to deternine more fully tha conditions under which tbese conpoyglrda
P

were effective, to compare their perfomance with other knovm lubricants. .
sd ¥ SR

and to iinprove the understanding of the mecnanisms by wnich the,y functipn

ah 2 L5

The study thus far bas concentrated on one compound SbSbSA. anti

¥4l

JzJ’ RN

thioantiponate. That lnaterial had been studied before (l 4) and _was found

YR ANUS el

to possess very good EP lubricating characteristics. It has thought that

ERRTE ’”;ﬁqc’;

this colnpound could serve as 2 high qqality solid lupricant material‘ and

i Lfaw

that it might offer in\proved performance in bearing applications invo'lving —_—
I

metals such as stainless steels and titaniun alloys Navy requirements -
Tey

for lubricants, both as. additives to oils and greases, and in dry filn "
RERNC I SV ES R BRAVES: g-'[

applications are varied and involve a \vide _range of contact loads, speedg.mw

and environnents. _ The development of new lubricant inaterials with inproved .
RN fedsinrrohgae

EP and other characteristics would be of signi ficant value in many ilavy

ave s Ta ol gvep fed

applications, particularly if bearing maintenance intervals couid be

Tengthened as a result, or 1f more corrosion resistant metals could be

.employed in bearings without compromising the wear perfornance.‘ The .

i yaisd?
avatladi 11ty OF préven;, tested niterhatives to: Mr V. matn g;g;a -
such “.,}!'?”"1“ ,"‘4,\ noilygdenunv disul fide, u?’nld alsp cgntrihute to llavy Blag™s -

LY Pt t hant

pngr" mm. ) . cad f‘ﬁ m .‘

'ea-arcial roducts are {dentified in tnis report in order to fully
the materials used and the testing conditiona involved. Endorsement
mterials by N8BS is not tmplied.
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slté‘iug co:ﬂ'it ons and as an ‘addiitva to o114 m to grease h&

ES N )"» s T (A Sitw it % “ £
tests Nave baen carried out at temperituras from 20°C "‘”M. _
Fig: oin way ok S
a1 FHTOhe detiTiiigtca) co-‘biuatieos "Wave bean st Yidied with wea jm%"‘ t‘“’““""‘“’ _
1% 1., ‘-\ ﬁ ‘, ‘ i Y 7. N
friction data oitﬁntd An inportant aspect ﬁﬁs \& “ha EmL iﬁf S?W”‘

s 4 oy n.'i' £ 3\ 1295
Steempt to identi fy the mchlnisns by uMc'Ii the’ Stibs SpOUN: im&! s, o
iﬂCk b ﬁﬂ!f?r%fr Jesd rassogdel Tﬁbﬁu

S § 8 M’
In 1968 a paper by Devinc (l) et at. e “r%od bn "“New &1“&‘%& row

: + r‘}"-p '}T’
Agents for Lubricant nateria’ls. Arscnic ‘and anﬁmny sul¥ides were =~ @ TV

added (SS by weight) to a base gmse. and ovnm ' using the fowclﬂ‘l ohe
natin ywhudy adY

EP test
RNE L _‘,_‘.: ?’
sefzure load* and the weld 1oad** over tlnt m:urod for tho ba f’gn:fé%{ﬂm 4

Certain sulfides (Assbs4, AsAss4, 5"253' and Sb, ss) Fnerassed bheTS 7500208 Lo
weld load to gmter than 400 kg conparod with 80’ kg for the bt%% ”éﬁi%:’ atns
and 200 kg for a 5% MoS addition. Based upon tsm mﬂs results” sent
further studies of the mixed ieta‘l sul fides were condwctcd by tﬁ‘;’kﬁ“-“
Mr Development Center (2-4). A.variety of these sulfides inaua‘i“‘“#&&‘s i
were eva’ *tod as grease additives using thc four-baill EP test. ’““‘g&%‘ rq“
approxintely the same sefzure 1oad as olmincd with s -conu%nﬁ‘&”%&i‘&b“

Lhd DT q
but gave ‘much highcr weld loads. Homvar. mst o'i' tlmc da hé %a%"” !

aig¥sm

iy ‘,nn.ianrgggg_, lix2‘”"*
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*Seizure lM: ]“d in m‘%b‘" EP. .ﬁn*j JW £
wear scar dilutcr 1s n:gd el ” a

**Ma1d Toad: Toad fn the four-bali EP test at which waiding ScibH
the balls. )
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pass the ASTH cofiper bFrosion tést, axcept fe ”iﬁ?‘%‘;” ko
That comdind s’ also affective as o i\.br{\,ing Mdatene wien fgﬂimtm‘
stee) whereds' Ib‘§ ‘as an addftive was noi Godd" m&hﬁéo”“l‘mg ,ﬁﬁ"’"? 26w 31
also obtafied whén these étpoinds werd ised ad dry tiim TabF1ERM!
a phenolic bindér. ‘Howéver, whén‘iised as ‘dry ‘soi1d Tubriiasts #&°"
were not as éffective as Hos In the press Fit Vist where a Cyifalifiat™ 7320
pin is pressed into a bushing. Further fivestigations of sm&“" 1§ onte 2ew
grease additive were conducted by King and Asierom (5). Using t‘ﬁ. AS TP A
standard four-ball test (D2596) they showed dramatic fncredses nt‘ﬁn o0
weld load and sefzure load (Table ) over that for'the thm bage T
grease (1) did’the MoS, additive in grease. e Loviovad
Othier greases were studied with thé same additives and’ sﬁm@
essentially the same effect. It was also found that only smail =
concentrations of SbSbS, fn the grease were needed to sfgnificantly ™’

\mw '

Fruany n o He
coeatoed 43
gt}s
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increade weld Toad capacfty and that thére wés a strong concent’ratfon

effect (Fig. 1). These results generated considerable fntevest 1a © 7
SbSbS, and rafsed the question as to the nechan*lsn responsﬁﬂe for we T
. . R R BT r-»{ 3 nzﬁv'i‘

enhanced performance imparted by SbSbs4. i

“Nthbugh a great deal of work has been repdrted on the ORI
of solubls additives such a3 sulphur, phos;tiordus, and RS hen TOVTXO ceaslp
contatniig wolecules, thers has been relativély 11€616 work vdpdited: '™ 50
on soiid additives other than MoS,. Gansheimer (6) ‘W“ﬂﬁﬁ‘ aft o m&- ,
solids sich ‘as fnovguntc phosphates, oxides, 'WidroxTded “nd SifPrdes 2O
e reportad fouF-6aT1 DX, Toade® on' the wiberiats b 1 TAbTS'E ™ 1Y

*Sansheimer (6) does not define 0.K. load. However, it usually refers
nl: ;m which 15 & smll constant increment {e.g. 10 kg) be {n ﬁi '
we 5

et nﬁm

smetandomn
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the surfm. ‘m omtm of ﬂ‘l‘P "“ ?%*ﬁ’%‘
Zn,P,0, 1t was show that the . procsss ¢ '
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vll \‘The so'Hd my fom a fi m on the surface, such as uas f L
Hos and the oxides. "’Ms takes p'lace prfmri'ly 1;.3 the lw ‘IM’T

. region. This ﬁln reduces wear on1y slightiy wlth m£ effac% wal}

Tubricant but has a major effect on the selzure 1oad.  The' sobtdh V°

the f1lm the greater the increase in saiZure Toad that occutd™’ *"

2. The solid may participate in a reaction with the surface to form ~°

another film. This effect is most noticabIe in region 11 at higher
' loads (Fig. 2) where it significanﬂy reduces wear and sfgn'lﬁcant‘ly

increases the weld load. | ‘ T
The mechanism of action of solid additives seems clear. In region 44 :(Hg"';'ﬁ 2y j
the f1lm that is formed prevents metal welding. The weld load 1s efféctively’ :
' increased by replacing metal welding by film failure. AR

The mechanism by which a solid film fncreases the seizure Toad 1s

somewhat more complicated. However some guidance is available from the work

reported in reference 10 concerning the mechanism of bound‘arj Tubrication

with 611. From a detailed study of the seizure process it was concluded that
failure was dependent upon the temperature reached during rum-in. If the
temperature did not reach the "lubricant desorption temperature T+", Tow weir
would result with surface polishing. For temperatures greater than T¥, 16¢al

sefzure will result producing a high wear rate. Thus the seizire load is
determined by the condition T = T* where T is the actual surface tuhriture
Higher sefzure load will result from lower surface tupentures. “The pr‘lnc‘lﬁl

* means of accomplishing lower surface tnpentures 1% to lower the fﬂcﬂen -

‘ coefficient at the contact. In cases where friction coefficients were measured




(M), the highest seizure loads were found with the lowest friction gdditives

Thus it can be postulated that the solid films 1a1d down 1n reqion 1
(Tow loads - Fg. 2) increase the seizure 1oad by Towering friction Almost
any soft :o}jd could perform in this way {if it remained firmly attaohed to
the surface. However good adhesion is diffioutt in the presence ot_aurface
active lubricating molecules. . “ _- -

In dry contacts a large number of compounds have been found which lower
friction and prevent wear and surface damage at a rubbing contact The general
types of solid Tubricants along with examples are listed in Table 4. One
common property of all these materials is that they are re]ative1y epft,&y
Many compounds which do not lubricate at room temperatures become nore '!N
effective at higher temperatures. This is 1llustrated in Fig. 3 from (12)

el

where friction coefficients for a variety of materials are plotted against

temperature. The reduction in friction is due to the lower shear strength 1n

the solid film at higher temperatures. The conclusion drawn from such studies

is that almost any compound will behave as a solid lubricant as the operating

temperature approaches the melting point of the compound. However to be _
effective it has been shown that a layer of the solid must be firmly attached{
to the metal surface. Soft solids which did not adhere do not perform v
well as solid lubricants. o ‘

Available data on sulfides used as solid 1ubr1cants are 11m1ted other~}

than for MoS, and WS,. Some values for coeffﬁcient of friction are given in
Table 5. It can be seen that many sulfides are at least partially

3
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The effect of sul fur on wearing contacts has been the subject of a
large number of studies (references 14 to 20); In the work of baiey}. h
(14-18) and the later work of Forbes (19) using soluble organic additfye;
the following mechanisms were proposed. At low loads (regfon I - Fig.'é)
the sulfur molecule is either physically or chemically adsorbed on the |
steel surface of interest. The sulfur atom is attached with the chain
oriented perpendicular to the surface. At higher loads (region II),
cleavage of the sulfur-sulfur bonds occurs and 2 sulfur-metal reactibn
can occur. The actual effectiveness of an organo-sulfur compound is
related to the ease of splitting the S-S bond necessary for adsorption
and the sulfur-iron interaction. Obviously the first step for reaction
to take place involves adsorption at the surface. In region II the
actual film does not appear to be pure sulfide (21) but some mixture of
metal oxide and sulfide. As the weld 1oad is approached, a higher
percentage of oxide is found. This is understandable since Buckley (22)
has shown oxygen replaces sulfur in a metal sulfide compound. In later
work Sakurai (23) confirmed the sulfur reactivity role and found that an
optimum sulfur concentration existed. This optimum concentration is
that needed to give a critical film thickness for minimum wear. A
direct correlation (15) is found between wear and reactivity in region
II as shown in Fig. 4. It should be noted that the maximum load car}yiﬁg
capacity is obtained with sulfur additions.

In summary a number of explanations can be proposed to account for

the effective lubrication characteristics found for SbSbS4:




(1) It can form an effective solid film lubrfcant, both dry. and shen,., ...

contained in a fluid lubricant. = g e ARt Al
(2) It can serve as a source of sulfur which iuprqves bath dry and . ... .

fluld lubrication especially in the high load region, . ... . ..
(3) Upon decomposition under EP conditfons, antimony is liberated

which can act as a lubricant or which can contribute to the formation
of a lubricating film. . ;

(4) Lubrication reactions can be more complicated; the SbSbS4 may be
involved in reactions with the Tubricant itself or with oxygen
present at the contact.

In the present study a series of experiments were carried out to consider |,

the feasibility of these different explanations.
III. Test Methods and Materials

Testing procedures involving six different machines were used to
evaluate the friction and wear characteristics of SbSbS4 both in the dry pouder
form and when blended as an additive with base lubricating fluids. The sape
procedures were also applied to other lubricating materials for comparison
purposes. Three of the test machines, the four-ball EP machine, the pin and.V-
block (Falex) ﬁachfne, and the block and ring (LFW-1) machine are widely used
for lubricant testing. Two other wear test machines, the 3-pin on disk machine,
and the reciprocating linear sliﬂing high temperature machine were special
laboratbry designs. The sixth machine, a ring compression apparatus was,
strictly speaking, not a wear test machine but an application of
a commercial compression-tension testing machine operating in the compression

mode. A1l tests were conducted in laboratory air (21-23°C). The relative humidity

ety e e e ey g




was monitored but not controlTed; it was foiind to Vary Bétiedn 40 aid 607,
In the remainder of this section a brief descriptfon of ‘esch of | "‘%"nt
systems will be presented togethér with a smry o‘f tug test pmm :
that were applied. S SRR : o Dt
A. Pin and V-block Tests I R

A detatled description of the pin and V-block machine (also known
as the Falex machine) can be found in a paper by Faville and Faville {24)
as well as in three ASTM standard test methods (D2627, 03233, D2625) which
are based on this machine. The test specimens consist of two blocks with
96° V-grooves and a cylindrical 6.35 mm diameter pin. The V-blocks are
held in a Tever arm mechanism and squeezed against the rotating pin.
The load can be adjusted manually or increased automatically. The
magnitude of the load is usually indicated by a dial gauge; however,
the present mechine was modified to include a strain gauge type load e |
cell which allowed the Toad to be indicated electronically. The torque R
imparted to the V-blocks as a result of the friction force was also - v
measured by a strain gauge type load cell, Load and friction force together e
with specimen temperature, which was measured by means of a themocouple spot A
welded to one V-block, were continuously recorded during each test. The test o

sul 2l

specimens specified in the ASTM standards, V-blocks of 1137 steel and pins

st hng

of 1335 steel,were used in many tests. To evaluate the behavior of SbSbs
with other metals, specimens of 440 stainless steel, 52100 steel, 4% x* T

and Ti-6A1-4V were also employed. : S B A R
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Tes 5 'wiive ‘Carrted out with ‘two dPrferant Prodidives. ' OAF wigpecora 1211
mod1ficatien OF ASTN 03233, methiod R, which Ts deSfonéd €6 ‘décerniiamand *>s o4t
Toad ceveyiny capscfty of fYuid lubFicants. ‘I -that ‘Procedire #rtdr s> +nsthsve
5 win. run-in ot 1330 N (300-1b) ‘the 10ad ts advinced automaticiffy ureYr™” °
failure Wi‘s efther by fracture of the spectmen 10¢King Din, of ‘the '~ "5 Fo3ne”
specimen pin itself, or by extrusion of the specimén pin. The fhﬂwm«‘” i
13 dccompaiied by a marked rise in friction force when sefzure and
fracture oceur, or by a dop 1n the Toad advance rate when pih extitsion: FebHis
The Toad at which the failure event occurs fs designated the Toad -~ 7<
carrying capacity of the lubricant according to this test. The AsTH = ¥
method specifies that the specimens be immersed in a fixed volue of .
lubricant. A different procedure was adopted when the test‘wds’lipp‘l fed' té -
greases. The V-grooves of the V-blocks were filled with grease a‘m*-’ty.’g‘. T
squeezed against the pin. No additional grease was appHed dur’lny “the " o
test. ' : SRR Y TR L BT

A second test procedure was ‘used to méasure wear as well as 16;8 &w
capacity. This procedure consisted of a serfes of 30 min. tests =~ R
starting at a gauge Toad of 445 N (100 1b) with each Succeeding test being * ™
run at a Toad of 445 N (100 1b) higher than the former. The séries wa¥ ' *** ¢
terminated when failure occurred before the 30 min. test peridd was éompievdd:’’®
The maximum 10ad at which the lubricant was able to survive ¥hé SOWtA:~ '*°' >
test perfod was considered to be the Toad cartying caphcity of that™ »>% 7 226
Jubricant. A major difference between this procedure and the Firéf prodedling” < "¢
described involves the relationship utween tdipev‘iwre ind T&i’u “In iue"”

DoTasgd Poerhip 2Ot yadw wid




first procedure load is rapidly.advanced -and thers is 00 opportunify fom.qt |
the achievement of steady state thermal Canditigns. . A steep LempaEALIN® s Tihom
gradient exists at the contact surface, In the -30 min. Constans..}oad Assh bso!
the specimen temperature is allowed to rise to a steady ssatc»ﬁayqp;q"nrf nbm @
consequently, for a given load the surface temperature of ;h&,mmjmg;gn £
be considerably higher than in the first procedure. a0 ta yamtueqe
Wear was determined by measuring widths (lengths were approximately.sssssant)
volume. These measurements were found to be most useful when varfows . . .- .-
lubricants gave large differences in wear rates. Swall differences gould, ... -
not be resolved because of scatter in the data. = sui g by
B. Block and Ring Tests

ST T Tt

The block and ring tests were conducted with a commercial LFW-1.. e g
machine equipped with a 30:1 lever arm and a strain gauge type load coll ..
for 1:he~ measurement of frictfon. Grease was suﬁpﬂed to the rotating S g
ring by means of a commercial grease feader adjusted to deliver a.volwme.of .

0.5 cn°® at 20 min. intervals. The grease was supplied directly. to the rotating ring
from a nozzle with a rectangular opening approximately equal to the widgh . . ...,
of the ring. During the course of a test the grease was allowed to ... . -, ;.-
accummulate in the vicinity of the nozzle and the entrant side of the blgek.: . .:
One test was conducted with dry SbSbS, powder as a lubrigamt, In that. ., .; s
case the powder was applied repeatedly to the ring with a .;mll,grgggt{,ghggz $oul
brush during the test. ‘ ‘ : S ih apree A dnsoiadul

The test procedure employed was designed primarily to daterwi®e. : nadivsest

the wear rate under conditions of low sliding speed and high load '

12




y Tibh ad e peopdnidd poty At
(bolou sefzure). Most of the tests wore conductod ot a lood of 267 N ‘
GRE L cade -t £ 54 *&

‘ (60 lb) ond 2 sliding spood of 5. 5 cu/s. uoor 1s roportcd hm as the vol

ifa: o goneayiiserts
of nltoriol lost fron the b1ock The voh-c was calculated fm tno

SO T ot

measured vrldth and length of tbo cylindricol wear scar. Surfoco profﬂo

7y g)
traces across selected scars 1ndicoted that the scar snope confomd .
closely to the ring geometry. Both ring ond block were of 52100 stocl '

: 7y
R

The ring hardnoss was 62 HRC and the surface roughnoss across tbe

Y A

circufcrence of the ring. perpendicular to the grinding direction ms ‘
TR

0.17 um R,- Similarly, the block hardness and surface e

finish were 62 HRC and 0.25 um R » respectively. Details
on conducting wear tests with the LFWN-1 machine are discussed in ASTH 02714

C. Four-Ball Tests

The four-ball test was employed mainly to conﬂrn the resu1ts of King

and Asmerom (5) who first evaluated the load capacfty of SbSbS, in tMs
way. A description of the four-ball EP test machine and the test procodurg
employed is described in ASTM method D2596. Brieﬂy. the test o

specimen configuration consists of one steel ball that 1: rotated

in the apex of three stationary steel balls. Ten second runs ore nnde ,
at 1ncreos1ng loads until failure occuns. A new set of specinens are uscd "
at each load. The rotating speed is 1770 RPM; the ball utorin 1s : e
SAE 52106 stcel The weld point is defined as the lood at nh‘lch the bﬂls g
weld together or a wear scar diameter of greater than 4 L is obto'lned. | | |

D. Ring Compression Tests

A ring conpmsion tost has been dovoloped (25) (26) pnviousw ,

IRPRCT Se
to measure friction undor typfcn noto'l uorking cond1t1 *ns. m mt o

involves coupression of a metal ring botwoon two ﬂat mtal plotons
Changes in the ring diameter at a given amount of deformation (reduction

13




w®

in ring thickness) cen be directly correieted uith friction coeffieieut I
Coatew Phes wdd o rn faset {snysieg mi’w}*- S
- at the ring-Pleten surfices. This technique cen be used to eveiuete t?‘f ﬂﬁS S et
f voopaen s goi b & bap L
i effectiveness of solids as iubricents et high nornal pressures uhile lﬂﬂiﬂigfi’
- ! v tend TRivalpm Yo
35 the tenmereture rise during the test. In these tests, rings of 10!8 stéel
g s AN tw bgnuesam
(1.9cm 0D x 9.5mm ID x 6. 35 - thickness) uere conpressed 50! betueen

N4 367 4 SH

flat pletes of 0-2 tool steel finished to 4-8 um a The so]fd or _ '
[SRERY HRL VR I
fluid iubricents uere applied unifbrnly to the ring surfaces at the stert .
of the test. The coefficient of friction ues deternined by the chenee in
SBT3

the internal ring diameter using the celibration date given in Thble 6 fhul

reference 25.
Ty i e {’1’

E. Three-pin on Disk Tests

For certain tests a pin-on-disk epperetus wes used (Fig. 5) ite seecﬁl!u
Yifi

configuration consists of 3 hemispherical or flat ended pins slidiny egeinst a fMat

TV,

plate and forming a single wear track. The pins were held ina ronnd disk
which was mounted in a drill press chuck. The dri111 press had been . o

N

wodified with a variable speed motor and geer drive to operate up te" »
a speed of 350 RPM. Alignment of the contact was achieved by neens -

of a ball mounted between the pin holder and the chuck The f1et -
disk specimen was mounted on a small table below the pin holder end':;; fif j%
supported by a ball bearing. In operation the table was restreined h¥ PR
fixture to which a Toad cell was attached; this allowed continuous mm;;
of the friction force during the wear test. The teble also contained a- o

cavity tn which resistance heaters were inserted for high tenveratur: oot blow

wear test operation. Heter cooling was provided to protect the be11

bearing during heating. The load was epplied through the drili press cL
spindie. The spindie was modified to reduce verticei frictioa ibrces

KX

T T

14 TetnTang




e Bttt aaly odd o2 3§§‘W :

ar. 0o (tgst mw £) vsbeod £ BE

which might interféke with the transnfssion of”tln gppu.d Toad to
spectmens. Swill guidé vanes were attached to the .,p,*,s, M..W&.. “,M,‘ F—
that the Tubricants 1n ‘the powder form Were continuously réturned /s the ™ *™*"

S )
sliding track in front of the pins during the test. The solid Mrs ’
: ‘ BRE-L L0t L

were spmd on the disk with a tMckness of approxiuately 3 -,A
’f & 2%

SAE 52100 steel balls and 0-2 tool stee'l disks were used for lost of tln

i
experiments. Tcsts were run at a load of 237 N (53 3 ‘Ib). a splu of +
10 ca/s, and tupcratures from 20°C to 250°C.

F. Ihcigo_gating Linear S'Hding Tests

For high temperature tests a reciprocating sting rig was usnd
B )n ﬂ'lh'!f!ﬁ

(Fig. 6). It consisted of a flat ended pin (6. 35 x 6.35 n) slilding lm:k

PRI

o n cwe 2 EaT

RS ¥Y.

R SR

and forth against a flat plate; the track length was 25 n. “The pin "
A RS Y

was held in an arm which was moved back and forth by an afr notor. One

.‘ﬂ'!g?

end of the moving arm was supported by a universal joint so that it eoufd

. {60RT A
wove in both the 1inear horizontal and vertical directions. l.oad was app‘lied
by an afr cylinder which was mounted directly above the specimen pin. llotioa

was imparted to the moving arm through strafn gaugos so that the triction

R T
force could be measured. The flat plate specimen was fastened to a b'lacf hel r3%e
A

£
HER AL

S w £l w\”b
mounted directly under the pin. The test specimens were su jed by =%

a furnace. Heat was supplied to the upper and lmr specfnns by carﬁ?ﬂ&
s ; N B ,5574. "f} wﬁeu ‘ :

heaters -ountcd in the specimen holder blocks.

In operation, the specimens weré placed in the test rigand = L




brought to the desired operating temperature. The lubricant was applied
45 & pouder (3 mm depth) on the f1at plate and the test begun. W

Potdpea ot
tool steel specimens (60 HRC) having a sand blasted surfage fintsh . . ..
were employed. A load of 142 N (32 1b) and a. velocity of 25 p/nc RPN
was used. Ten n‘lnute test runs were mde at increasing .

M :J" 2

temperature levels from room temperature to sao°c Frlction was plotted o

3 YWE rew «
= as a function of tuaperature. o D s eesr was o
; t 6. Lubricant Materials | N x‘ » }'
- : | A 1list of the lubricants studied in tMs progran is given 1n Table 7 ,,;

Tests were conducted on dry powder materials and on many of the Same \
materials blended with two different base fluids. a litMm lz-h.vdrox.y staarate gmse

designated RM81 by its manufactyrer and a laboratory grade of wMte parafﬂnic

)
mineral oil. Several of the solid materials, nost notably uosz, were e ]
selected because of their known good qualities as solid 1"'?"1°auts.? l'hese . !

served to provide reference data to which results obtained with other

oY e has

materials, in particular SbSbS4 could be conpared . | L e i
| IV. Results and Discusslo . e s 1
Test results and analysis of these results are presented 1n the folluuingw 1

sections.

A. SbSbS, as a Solid Lubrlcan E Letmom
20503, 25 3 Solld Lubricant eiaaantE b
SbSbS, has been referred to be a solid lubrlcant. Accerdlnq to t

DR ignn asaet

H"‘ﬁ"m 'ﬁ
usage of this term, SbSbS4 in the solid form and not in cmblnation wlth 4

gt 2t ead

fluid or other solid materfal would be expected to reduce substantially friction




and wear. To achieve this function a layer of the solid lubricant mest

‘axist at $he contact surface between s1iding yembers and & S4eRITIRNRN ¢ 1oi
proportion of the sliding and shear must take place on or withia thia. Aepeeu.ytd
The mechagicel properties of the solid lubricant Tayer are such MMet. . s >ids .
traction forces are Towsr than would otherwise exist. As discwsesed . . . ..
previously, the solid Tubricant function may depend on tempevetura.and - ...
pressure. (The gaseous environwent may also be importast, but in the.presess... .
investigation, it was confined to room air.) 7To explere the selid Twbrisast - ..
behavior of SbshS,, tests were conducted at various temperatures and leads. - ..
An example of the variation of friction coeffictent with siiding dfstance ot Tess
temperature obtained with the 3-pin on disk machine is shown in Fig, 7. oo »
In these tests dry powder was spread on the disk surface and the test commencad:.
As noted earlier, vanes located on the pin holding member continually raturned. ..
powder to the wear track on the disk after it was pushed away by the pins,

The friction coefficient trace in Fig. 7 rises rapidly with large |
fluctuations to a value of about 0.7. Examination of the ‘
pin and disk sliding contact surfaces revealed the presence of a . il
relatively thick compacted f1lm of SbSbS,. Optical micrographs of disk . ... ... .
and pia contact surfaces are shown in. Fig. ,8(.)1 and 8(b). Close . .. . ... .+se9
examination of the disk surface revealed some small areas. of bare.mgtal,: .. ip.
in the wear track. It appears that during sifding the.film.was somptings. ,
attached to the pin and sometimes to, the disk. The frictional behaylor.ms. . 1,
controlled by shear between the thick f1lw and the metel surfaces sed.$9...1. 5.;
some oitont by shear within this film. The shear stresses involved are

much larger than with ll»s2 which under comparable conditions gave a
friction coefficient of 0.05. ;

1?7
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AdditionsT tests on dry SHSHS; Were condueved at Wigher ‘tisidatiber’s 1211®
Figure 8 shows the varfation of friction coéfPictent with ‘temperiiture, "7 1710007
In this experimént the heater was switched on and the tespevétire aTTod > 57
to rise while SFiding took place. Thé friction coefficieht rewaingd wt "¢ii5"
a value of approximetely 0.8 until a temperature of about 225°C was' * Vo7¥%'i
reached. The friction coefficient then decreased with incressing tbperm
to a value of about 0.4. The maximum temperature attainable 1 imMIW"
heater power capacity) was about 250°C. On turfing the heater off the " ° "
coefficient of friction recoversd to 1ts original value when a tewpératurd’ °
of about 175°C was reached. S1iding was terminated in one test at 250%C.° ~°<™
After cooling to room ‘temperature, examination of the specimén surfaces
showed that again there were thick patches of solid film in the wear track’ " </
(Fig. 10). Flakes of the film were stripped from the surface using am ' '* "%
extraction replica and examined in the transmission electron microscope. = =
They were determined to be the crystalline phase S$b,S, by means of electrol: "'’
diffraction. Thus the original amorphous compound SbSbs; undévwent:a’ ¢ TE TS
transformation involving thé loss of an S atom. During the elevated t&b&%m

G Ing
: ]

turning it Ffrst to a straw color and then blue when 250°C was reached.”’ Tenimexs
A test vas run without SbsbS, Tubricatfon to fnvestigate thé EPfects” =™ '
of specten oxidatfon. The friction coefffcient vs temperature fesiites’ benanie

tests which were carried out in air, oxidation of the steel surface b

_are shown in Fig. 11. The behavior 15 somewhat similar to that’ eﬁhw"i“& A

vil inetxe ofGe

L SIS Y *;Q‘E"!l-f ﬁ",};iu
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S : | . b e aedl we
SbSbSs. Comparing Fig. 9 and 11 1t can be seen that despite the largar. ..
fluctuations, the friction coefficient 1n unlubricated sliding is cloge . .
to 0.8 until a temperature of about 190°C is reached. The friction co- |
efficient then drops to about 0.6. On turning off the heat at 250°C, . .
the friction coefficient increased slowly with decreasing temperature
reaching its initial value of 0.8 at about 60°C. Although oxidation of
the steel specimen surfaces may contribute to the results obtained with
SbSbSq, it cannot account for a large part of the observed effect.

The test procedures used above (rising and falling temperatures)
do not necessartly establish the critical temperatures at which changes
in friction coefficient occur. However, the results do indicate that
variatio_ns in friction coefficient may be dependent on factors other than
a change in the lubricating qualities of SbSbS4. Additional experiments,
perhaps in an inert atmosphere would be required to separate the effects
of oxidation from those due to SbSbS4. With respect to the solid lubricating
characteristics of SbSbS4 two observations are 1nportant: (1) over the_ .
temperature range from 22°C to 225°C the compound exhibits a friction
coefficient on steel much higher than with good solid lubricants, (2) SbSng
forms a rather strongly adherent film on the surface., The quttet" property .
of SbSbSq may contribute to its good performance as an additive as discussqd
later in this report.

A different test device (reciprocating linear slider) was used to ..

reach a temperature of GSO'C. The friction coefficient vs temperature data

LR
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temperatures from 225°C to 650°C. In this regard it is much bettir'tﬁan
MoS2 which oxidizes at 350°C in air and s then no longer effective.
B. Confirming Four-Ball Tests and Pin and V-Block Load Capacity Tests

Four-ball EP tests were conducted on RM81 base grease, RM81+5 w/o
SbSbSq4 and RMB1+5 w/o MoS2. The data are plotted in Fig. 13 together
with the results of King and Asmerom (5). The agreement is very good, thus
confirming the outstanding EP behavior of SbSbS4 as an additive in this
test.

Pin and V-block EP tests conducted using ASTM method D3233 demonstratéd
the stgnificant superiority of RM81+5 w/o SbSbS4.o§er the base grease
alone. However, the difference here between RM81+5 w/o SbSbS4 and
RM81+5 w/o MoSy was not nearly as great. In addition to the relatively
soft 1137 steel block (20 HRC) and 3135 steel pin (90 HRB), the standard
specimen materials specified in Method D3233, three hardened steel
specimen materials and a non-steel, Ti-6A1-4V, were examined. These
results are shown in Table 9. When the hardened steel specimens Qbfe
used, the failure load was neafly doubled for the RM81 base grease,
compared to the standard specimens. With RM81+5 w/o MoSp, a moderate
increase was obtained with 4130 steel and 440C steel compared to the‘
standard specimens but there was almost no change for 52100 steel, When
RMB1+5 w/o SDSbS4 was used, the failure load was about the same for an

steel specimens.
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It may also be noticed that there was essentially no difference
in failure load for RM 81+5 w/o0 MoSz and RM 81+5 w/o SbSbS4 when

4130 steel and 440C steel specimens were used. Large differences were

primarily the result of using SAE 52100 steel as found in the four-ball

test results.

To understand these results it is necessary to consider in more det@il
the pin and V-block test itself. The failure load, as described earlier, is

determined by specimen pin fracture, fracture of the locking pin, or by

extreme wear. Mechanical properties of the specimens and other metallurgical

factors as well as lubricant properties will almost certainly play a role

in determining failure load. A good example of the importance of “other’.

metallurgical factors is demonstrated by the almost complete ineffectiveness

of the lubricants in question with Ti-6A1-4V. With specimens of the latter

material, failure occurred during run-in at 1330 N (300 1b). The higher
; failure loads of RM 8] base grease when tested with 52100, 4130 and 440C steel
compared to the 1137/3135 steel combination appear to be a resisit of the

o higher strength of the former steels. The friction coefficient and lp@d;”

traces for tests employing the.ll37/3135 specimen combination lubricated. .
with RM 81 are shown in Fig. 14a. Run-in is not shown; only the portion . .
where the load was automatically advanced to fatlure is shown. The frictien

coefficient remains constant with increasing load until {1t rises

3 abruptly at a load of ~2700 N (600 1b) and the test is terminated, i this:-

: ]

case, by fracture of the specimen pin. Figures 14b, c and d show corresponding

friction coefficient, temperature, and load traces for specimens of
52100, 440C, and 4130 steels, respectively.
the test during which failure occurred is shown for T1-6A1-4V in Fig. 140.A A
marked rise in the friction coefficient occurs at 2700-3100 N (600-700 1b)
for the steels, 52100, 4130 and 440C but actual failure of the specimen

Only the run-in portion of

22




pin (or Tocking pin) did not take place until a much higher ioad was
attained. In fact, the friction coefficient is seen to recover to

a louer value, after its initial rise, before increasing to failure. _'

TR L

E Although direct analytical information was not obtained to explain this
\ bei\avior,it is hypothesized that chmica'l roactions with the lubricant
or perhaps oxidation led to the intemediate reduction of friction forcc

Chemical reaction is certainly favored by the rising tunperature which
accompanies frictional heating. Variations in friction such as those
shown in Fig. 14b-d are well known to occur with steel under non-lubricant
s1iding conditions in air (27).

Load, temperature, and friction coefficient traces similar to those
for RM 81 are shown for RM 81+5 w/0 MoS, and RM 81+5 w/o SbSbS4 in
Figures 15 and 16, respectively. These examples are rep’resentative;
other tests did not necessarily repeat in detail the small variatiors |
shown but the general behavior was quite similar. In common with RM 81.
the mixture RM 81+5 w/0 iioS2 shows a rise in the coefficient of :
friction at 2700-3100 N (600-700 1b). That rise did not, however,
& lead to the failure of the pin for the standard 1137/3135 steels,
as occurred with the base grease alone. In fact, recovery occurred and the
ultimate failure Toad for 1137/3135 steel was about the same as for 52100 steel.
With RM 81+5 w/o SbSbS, (Fig. 16) an initial decrease in coefficiont of fric-
tion occurred and a rise was not observed until a load in the rcnge /

5800-6700 N (1300-1500 1b) was reached. In summary, these results

indicate that with steel specimen materials there i5 an increase in
friction coefficient at 2700-3100 N (600-700 1b) for the RM b1 base =
grease. Addition of 5 w/o iioS2 reduces the size of this increase while
i 5 w/o SbSbS4 eliminates or per_haps delays 1t until a load in

the range 5800 -6700 N (1300 -1500 1b) is reached.
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A comon feature of both M052 and SbSbS4 is the presence of sulfur.

puntgaidts

Because of the well knovm effectiveness of sulfur as an EP agent. 43w/o
elemental sulfur powder was blended with RM 81 base grease and suhjected
to the pin and V-block test. The load and friction force traces for  ©
one test are shown in Fig. 17. The behavior is similar to that of

RM 81+5 W/0:SbSbS,. | -

C. Comparison of SbSbS, with Other S-containing and Solid W
Additional pin and V-block tests‘ were cciducted on the RM 81 base

grease with several solid lubricant additives and three proprietary =

so luable sul fur-containingvorganic additives. These were compared with elemental .

sulfur. The solid Tubricants (PbO, HBO, and Pbo'.plus graphite)l were chosen because

they are excellent high temperature solid lubricants. It was hypothesized that

the SbSbS, might behave in a similar manner. The organic sulfur and elemental

sulfur additives were included to evaluate the role of sulfur reactivity.

The additives examined together with theirj measured maximum pass Jgads«

in the pin and V-block test are 1isted in Table 10. Separate tests were

carried out at 445 N (100 1b) load increments starting with 445 N (100 1b)

until a load was reached at which failure occurred before an arbiﬂtr.a;r;-ﬂy |

chosen period of 30 minutes was attained. The mxim load at whicr.»t the

30 min. test could be completed was d&igmted the maximum pass load .for,tbe

lubricant. None of the solid additives listed in Table 10 except SbSbS‘

sustained a load of 1780 N (400 1b) without failure. With a soluble wlfgg'

containing additive, Anglamal, and when 1% elementa] sulfur was dissolved

in RM 81, a maximum pass load of 1780 N (400 1b) ms-obtupd._, .,“”; L ; l
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0.2% dissolved sulfur in RN 8¥45 wio n&s n%su.m‘ s pace Nodd

from 1330 N (300 1b) to 1780 N (800 Wb). ' e N e i
These resulté strongly ‘su‘g"gest'that the sulfur effect #§ wore =~ °7¢5

significant than the possible high temperature solid lubricant efbéct.” . "’
To investigate further the significance of sulfur on ‘the behavior 'of
ébSbS4. pin and*V-block 30 minute wear tests were carried out on white' =
paraffinic mineral oil containing S and SbSbS4. “The white minéraliofY =
was used to avoid the possible effects of soaps or impurities . -

in the grease. The lubricants studied are 1isted in Table 7. Two of

the Tubricants were prepared by first mixing 5 w/o SbSbS, dry powder

in mineral oi1 and then filtering out the solid resi‘due.. In one case -

the mixture was heated .to 120°C for 30 min. before cooling to room
temperature and filtering, and in the other case the mixture was stirred’

at room temperature for 16 hrs. before filtering. The filtering pfbc@ﬁs’

RS

itself required several hours. X-ray fluorescence analysis of the
filtrates indicated the presence of 0.16 w/o S in the heated and’0.08 w/o &

in the unheated filtrate but only a trace concentration {<0. 001!) of _'
antimony was detected in both cases. The SbSbS powder 1tself was repm'tw 128)
to contain less than 0.1 w/o uncombined sulfur. These results Indicate '

that some sulfur is given up to mineral ofl by the SbSbS, compotind.

The pin and V-block test results given-in Fig. 18 show that the 11 tered
blends exhibit a wear behavior that is sin'l‘lar to wiieral o'ﬁ havﬂﬁ e o
same concentration of e1ementa’l sulfur. eI A s 2 toie yhesde
. These results clearly dmnstrau that sulf‘ur intev‘tcﬁoﬁ Wit
the steel surface plays an extremely fmportint ‘#Sle ‘iff tha &P’ tnd W2 rowsd

wear behavior of SbSbS4. . . S g

w Fei@ M3
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The superior EP performance of SbSb$4 as.an qdditiye go Rﬁ al hﬁ;e: -
grease has already been described. King and Agperom_§§)jnaggfggp1q!gguT
four-ball wear tests (ASTM D2266 and D2596) to demonstrate. that the wear . .
rate characteristic of RM 81+5 w/o SbSbS, is.equal to or‘better:thanieigger‘.
RM 8145 w/o0 MoS, or RM 81 alone. The tesf conditions specifiedlby ASTM D2266
and D2596 are relativeiy severe with respect toﬁloaq and speed,‘gnd . N
consequently, also as regards temperature. The qaest?pn arises as to
what the behavior of SbSbS,-containing greases would be under less severe
conditions, particularly where the temperature might not mueh exceedirppl
temperature (22°C) and the physical rather than chemical-reactive
properties might be stressed. To answer this question a serieé of block
on ring tests was conducted at a load of. 267 N (60_1p)land sliding
speed of 5.5 cm/s. The results of tests on three different lubricants,

RM 81 base grease, RM 81+5 w/o SbSbS4 anduRM 8140.43 w/o S, are shown in

Fig. 19. The cpncentration of elemental sulfur listed was

chosen to equal the-quantity of sulfur that would.be available:from Sw/o. .

SbSbS4 if the latter compound was converted to szs3 The steady state
-9

wear rate obtained with RM 81 was 7 X 10°
0 -10

wm®/mm and' is substant1a11y higher
than the value 1.8 x 1 mn®/mn obtained with RM 8145 w/o SbSbS,. IP\W;?'
. noted that a relatively high run-in wear rate was obtained with RM 81+5_-w/o,‘SbSbS4
and that a s1iding distance in excess of 1000 m was required to enter the
steady state regime. The calculated steady state wear coefficient* for s
RM 8145 w/0 SBSbS, isK=5 x 1075, _This value is 1nd1cat1ve of mild uenr and

demonstrates the good anti-wear characteristic of SbSbS4 under these eondit1pns.

RS- 11 %

S ygw

. volume loss - hardness
1333 . s11ding distance




Similar tests conducted on RM 81+0.43 w/0 S gave essentia'ny the same mr
SRS J(}‘r (_ ¥

rate as those for RM 81+5 w/o SbSbS4 This result se-s to further

substantiate the sulfur contribution in the case of SbSbS‘ Mditim‘

_tests win be required to better establish the covnparative behavior of

R T S S

e'lenentai sulfur and SbSbS, .

E. Analysis of Debris and Surface Films

| The observation of thick films on surfaces 'Iubricated with dry
SbSbS, powder has already been discussed. These films were casily
revealed by optical microscopy. Specimens lubricated with linerai oil

and grease. hoth with and without additives, were not covered with such

thick films. Depending on test conditions and the lubricant used. solid
films could sometimes be seen with the opticai microscope. ln so-e cases‘
the entire wear surface appeared to be covered by a film, while in other
cases only part or none of the surface was covered by a visible fim. It
is thought that the explanation for these'apparently disparate obséivations
Ties in the fact that all surfaces were covered by films but 'that the '~
thickness varied. Only when the films were sufficiently thick wire they
observed. Since the existance of a solid film and the nature of that Fila
are probably the most important factors determining boum-ry"iumm%n
characteristics, a study was initiated to characterize Tilms’ that Were °

Fobumte oG

present under test conditions employed in this investigatim. B

Caresy st iead S n b Y
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Two approaches were taken to study the films. Both nployad !

H n

& transmission electron microscopy. In one method wear debris particles o

from used lubricants were examined It was assumed that eitner sue port on '
, ! of the original film resided on those particles or that the entire partic‘le
was in fact film that had been rubbed off the surface. In the second moth
fragments of the film were stripped off the surface by means of a rw‘rica

technique. The debris particles and fi Tm fragments were examined in an

analytical electron microscope (AEM) Crystal structure infomation ﬁs
PRI R S

obtained by means of electron diffraction and information on composition :

for elements with atomic numbers equal to or greater than ll (Na) nas
obtained by means of an x-ray energy dispersive spectrometer systan (ED'.i)

Debris particles from two pin and V-block tests have been examined

In the first case, RM 81+0.2 w/0 S was used as a lubricant and the test uas
conducted at a load of 1330 N (300 1b) for a period of 30 min. A conSiderable
quantity of debris was accumlated in the grease that remained on the

specimens at the end of the test. Relatively large metal particles :nereM?

visible optically. An abundance of very small particles
was also present. A number of these smal) particles. often in clusters.

CRA ARV L

CL R B

were examined on carbon support films in the TEH Electron diffraction

R ey L "

ko

indicated that the particles had a crystal structure appropriate to | tbe .
» spinel form of iron oxide, Fa304. Energy dispersive x-ray analysis o
! indicated the presence of Fe; a sulfur peak also was observed. There
. were no diffraction 1ines to indicate that sulfur was combined with fron .




o . . ; : : . SR vl wostagr s4d W
to form a sulfide. It is not known £o what extent sulfur way be.:.: | :'05 .pti
incorporated in the Fnao‘ structure. s S T A Pt

generated in a test employing mineral oil to which SbSbS‘ powder hed - ::vi
been added and subsequently filtered. A 30 nimu;mr test was condurted at’
a load of 2220 N (500 1b) with this lubricant. Debris particlies from the used
o1l were similar to those from the test employing RM 8140.2 w/p $: to- the. extsst
that sawe large metal particles were present together with a large.quastity:::
of very small particles. Eheti-on diffraction analysis of the m]lls\ ERERY Tt
particles, however, indicated that they were very nearly identical 4n. . .o
structure to a variety of pyrrhotite, Fe,_x (5C) and not ""3°n' -‘;Witgs«.z :
are iron-deficient iron sulfides exhibiting a variety of different super- -
structures based on the hexagonal NiAs subcell.
Film fragments removed from two block wear scars after conducting

ring and block tests were examined. Both blocks were tested under
approximately the same conditions, 267 N (60 1b) load and sliding distance of
~5000n. In one test RM 8145 w/o SbSbS, was used as & Jubricant and in-the <
other. test RM 8140.43 w/0 S was ewployed. It may be vecalled that.0:43:wfo'S
corresponds to the amount of sulfur that would be.available if 5:wfo:50Shs,
was converted entirely to SbyS,. Film fragments from: the test empleyteg: -
RM 81+5w/0 SDSHS, were of_two types. One type of fragment was esssntéaily.:
structureless in appearance, Fig. 20(a). According to electren diffrestion:
1t was amorphous. DS amalysis indicated that it was. compesed-of :5hsants:
S. Thus, 1t is hypothesized that the £11m was 'derived: divrectly fromithels o
amorphons SDSDS, powder as a result «».m~m,mtemwmmm

TN I <
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over the surface during sliding. The second type of film also shown in

Fig. 20(s) appetred: to'be composad of very st Erystilliteshbobe1e B >

in sfze. Bright field and dark field wicrogrephs oF a AiPfarnt: potya’ avooni
crystalline fragaent wre shown in Plg. 20(b) end: (&)." Thé' ¢rystat sthctire

was deterwined by electron diffraction to be conststant With’ pyrehotite = 2720,

Fe&y_,S (6e). As further support of this mmmmmvmu!nﬂw;unﬂérf‘d'
presence of both Fe and S at dbout the sume concentratfon. A stditar "
analysis of f11a fragments from the block Tubricated with RNS1+0.43'w/0 '8y '
(Fig. 21) revealed only polyerystaliine fitms which wers very shittar T’ oV
appearance to polycrystilline films found with RMS1+5 w/o SHSbS,. ETection °
diffraction, however, fndfcated a crystal structuré consfsteiit With pyitte; =
FeS,. By means of EDS 1t was determined that the concentration of-S was 7
considerably .Mgher thaa Fe, : S IR 2
The results described above concerning the nature of debris perticieds’
and surface films are pralimimary. Additional spectwens need to:de
examined both from duplicate tests and conducted under differsdt -~ -~ '
conditions to confirm the present observations and establish more Pe¥ly -
the relationship between 'lubricl.nt-tmjtf”" test " conditions, and “UUVE-

film characteristics. However, analysis of the present resales Sujgdts> '°

the following. Iron oxide may form when a sulfur comtaining TubrEaRt:""
is employed under conditfons when Oxygen has ready dtcisy t theotemtiet <

surface and *rictional neating results in an eluvatedl temperbtuve.” Wbé ™

conditions where oxygen was not so readily available of Tower' TOM=BNIOVTIZ

temperatires existed, sulfides are present when sulfur besring: (7 T
Parhaps the most significant resuit, however; 15 tit Witk 'SeE] 2

the iron suifide, pyrrhotite, was identified-as the principleclfatind
of the surface fila.
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1)

2)

3)

4)

5)

6)

7)

V. Conclusions
When used as a dry pouder SbSbS4 yields a coefficient of friction of
0.5-0.8 at ta-pcratures below about 225°C in afr.
At temperatures above approximately 225°C, SbSbSq exhibits a frictiom

coefficient in the range 0.2-0.4, and tﬁerefore has characteristics

of a high tmfature solid lubricant.

When rubbed dry, SbSbSy forms a thick adherent and durable film on
contacting steel surfaces at temperatures from 20°C to..280%C,. .

When employed as an additive in4a<iith4gm $0ap based grease, Sh3bSy..:a:
was found to exhibit outstanding extreme pressure.performesce with. .. .-
steel specimens according to pin and VPbIOCk:‘"dv‘_b.llfﬁ"*ﬂp:"h"‘ﬁﬁ'
results confirm those of other investigators. L Coame
SbSbS4 as an additive tn lithium soap grease was npt,an‘emfgct!x.%i‘-d
EP lubricant against Ti-6A1-4V, : A S WL
The extreme pressure behavior of SbSbS . was similar to other known - ..
sulfur releasing additives. ' T
The boundary friction and wear characteristics of SbSbS4 when employed
as an additive in mineral oil and grease (1ithium soap) appear to be
associated with the release of sulfur. Iron sulfide films were

fdentified on steel surfaces. A soltd film of amorphous Sb5bSq was
also formed on the surface.
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1.

12,

13.

4,

15,
16.
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FIGURE CAPTIONS ~ = =~ . ..

Concentration effect on wel? oint for SbSbS4 and MoSp i 1ithium grease.
Data from King and Asmerom Sg? '

, e - g - SR v
Schematic representation of foursball extreme pressure tesi behawior.
Friction coefficients for a variety of solid materials vs Wn (13).
Load carrying capacity vs chemical reactivity for EP agents, (15). .
Schematic drawing of three-pin on disk wear test machine.

Photograph of reciprocating high temperature friction and wear iuit machine,
Friction coefficient vs sliding distance for dry SbSbSa bowder using three
pin on disk tests (242 N load, 10 cm/s sliding speed, 52100 steel pins,
0-2 tool steel disk),

Optical photograph of film generated on disk (0-2 tool steel) and on pin
(52100 steel ball) (b) surfaces after sliding with SbSbS4 powder at

room temperature.

Friction coefficient variation with temperature for dry SBSbS4 powder
using three-pin on disk test (52100 steel pins, 0-2 too steel disk).

Optical mﬂcfograph of wear track on disk surface showing adherent film
after sliding at 250°C (52100 steel pins, 0-2 tool steel disk).

Coefficient of friction variation with temperature for unlubricated sliding
using three-pin on disk test (52100 steel pins, 0-2 tool steel disk).

Coefficient of friction vs temperature using rectprocating sliding test
rig (M-1 tool steel specimensg.

Four ball EP test data compared to results from King and Asmerom (5)
(52100 steel balls), :

Pin and V-block EP test results on RM81 base grease using different
specimen materials. Test procedure was similar to that described in
ASTM D3233 Method A. Simultaneous record of load, coefficient of
friction and block temperature shown. (a) 1137 steel V-blocks and
3135 steel pin, (bz $2100 steel, (c) 440C stainless steel, (d) 4130
steel, (e) Ti-6A1-4V,

Same conditions as Fig. 14(a) with RMB1+5 w/0 MoS2.
Same conditions as Fig. 14(a) with RM81+5 w/o SbSHS4.
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17.
18.

19.

20.

21.

- RM81+0.43 w/o S (52100 steel spec‘lms).

Same conditions as Fig. 14(a) with RM81+0.43 w/0 S.

Pin and V-block 30 min. wear test results on mineral oi1 blends
(1137 steel V-blocks and 3135 steel pin).

Block and Ring wear test results on RM8T, RM81+5 v/o SbSbSR mq 0 o

Transmission electron micrograph of film fragnem:s strip d f
block wear scar after block and ring tests (52100 sté‘! pat

Test lubricant was RMB1+5 w/o SbSbS4. (a) Anorphous S,b;b$4 fiwﬁ

crystalline pyrrhotite film fragmerits are present, (
pyrrhotite film at higher magnification, (c) dark ﬂeld 1ng§ of. (b)
to indicate stze of individual gratns.

Transmission electron micrograph of film fraglent stripped from
block (52100 steel) wear scar lubricated with RM81+0.43 w/o S,
Polycrystalline film was determined to be FeSz.
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 TABLE 1

Seizure and Weld Load Results for Base Grease and Additives (5)

Lithiun Grease RM 814 RN 8l+  RMBI+
“(RM 81) 5% MoS,  15SbSHS,  SASbSES,
Seizure Load (kg) 40 50 50 100

Weld load (kg) 160 250 400 750
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Gansheimer's Results on Solid Additives in 011 (6)

Material
anPZO7
Ca(OH)z
NoS,
Graphite
InS

Base 011

TABLE 2

. Load (k
260
200-220
200- 220
200-220
160

100

IARUES

Leai hand

R LTSN




TABLE 3 |
Load Wear Index & Weld Loads for Oxides as Additives (9)

5 Load Near Index Neld Load
Oxides* {kg)

, 8,0, 74 > 800
Ca0 o 500
B1,0, 59 500
Sb,04 58 > 800
Cdo ’ 54 630
Ba0 53 "315
PO 51 200
Cu0 45 . 252
Zn0 42 ) 200
$n0, 3B 200
N10 34 252
Fn203 29 200
Mgo 19 160
s10, 15 | 160
M0, | " 160

) *In all cases the oxide concentration was
15 wt.%.




Organic

Polymers

TABLE 4
Solid Lubricant Types

-----S0aps, Fats, Waxes .

Metals-
Inorganics

Glasses

Indium, Tin, Lead, Silver e

B203, Pb0-$107, P04

-~Teflon, Polyethylene, Methacrylates'

|
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Friction Coefficients of Some Sulfides (29),.

. iy
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MoS2 0.07

WSy 0.08
0.20

Cusy 0.21

COSE 0.15
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TABLE 6 |
Calibration Data for Ring Compression Tests (25)

~ Measured
Decrease of AT Friction

Internal Diameter o Coefficient

iy R T N LA

50
40
3
20
10
+5
0
-5




TABLE 7

O
List of Lubricants Employed in Study

Bey Powders

ShShSq
HoS2

Grease Blends

RM 81
RN 8148 w0 NoS "
+5 w/o
RM 8140.2 w/o S
RM 81+40.43 w/o S
RM:81+1.0.wfo' S
RM 81+5 w/o S
an 8145 w/o PBO
RN @145 w/o. HBO3
RM 81+5 w/o SbSbS4
RH 8145 w/o Anglamol*
RN 8145 w/o AG0048*
8145 w/o 60294*
RM 81+Pb0 + Graphite
RM 8140.2 w/o S + 5 w/0o MoS
RM 8140.2 w/o S + 5 w/o SbpS3

S PR
ped Dy B

_ 3
Paraffinic Mineral 01) Blends o
. » S wabwang | 2d0dd

Min 011 . . )

Min 011 +5 w/o SbSbS4 16 hr. filtered +» 0.08 w/o S, trace Sb (< 0.001 w/o)

Min 011 +5 w/o SDSBS, -30 min at 120°C filtered + 0,16 w/e'S; trmow.: {7 i
$b (< 0,001 w/o): ’

Min 041 +0. 1 w/0 S _

Min 04} 0.2 w/o S TERTEES el oekest TE NE

*Additives provided by Lubrizol Corp. See footnote, p. 1.
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Shsbs,, ‘powder ' 0,19
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TABLE 8 | i

| ' - 8 MR

Fagtl mhw 0%5H Mf

Friction Coefficients of Various Lubricants * . ... .. ..[. 5
. Determined by Ring Compression Test SN e

. o Lol b f“ Yy
tubricant Priction Coeffitient :

RM 81 Grease ' 0.050
} .
5

MoS, powder o | 0,035 ’,‘ii’ '-';; g:‘i,gfﬁ«:igfﬁéﬁ Corface,
' : Lo

e g

evi dence 61'; alpmv

Pty B T cr L0 ot

W81 gresse ¢ Has, (53) - 0080 o m?‘ Momarks,
' M.t‘tw edge
) t,.‘\,*, A.C"f " “‘ ﬁ‘ﬁ .

RM 81 grease + SbsbS, (5%) | 0.060 | | llmw e

(%

Sy g ad el ve hﬁb%#bwn,zﬁi§313§:
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, TABLE 9

Pin and V-Block E.P. Test Results

. According to ASTM.03233 Method A

. RM 81
Test T _+
—Specimens S8 5% MoSp
52100 T sE6QN 7000 N

125016 . 1575 1b

4130  “'S300 8. 9000 N
J 120016 2025 1b

a40C 6100 N 2900 N
1378 1b . 2000 1b

TH-6A1-4V e e

3135 Pw/ 2300 N 6900 N
1137 V-blocks 525 1b 1550 1b

*Setzed dirtng rin-tn ¥t 1300 N (300 §5];

g
1Y)

Sy Rey o nil

[5

0l roabmde s v bebivord?

& toasiond L rewliibbes
s& heeausne ewlis ¥

s R EA o e




. TABLE 10 .

it

Pin and V-Block 30 M. Constant Load E.P. Test Results
on Various Additive Compounds

Lubricant

RM 8] .
AM:81+5 w/o H‘SES -
RM 81+5 w/o SbSbSq

RM 81+5 w/o PO

RM 81+5 w/o mg :

RM 81+5 w/o SbpS3

RM. 81+PbO+Graphite®

RM 81+5% Anglamol 33* .
RM 81+5 w/o Anglamol G60O4A™+
RM 8145 w/o 0S$60294*+

RM 81+0.2% S '

RM 81+40.2%5+5 w/o MoS

RM 81+0.2%S+5 w/o Sb2S3

RM 81+1.0%S

Max Pass Load

890 N (338&«“:)

- 1330-N {300 1b) - -
1780 N (400 b
890 N (200 1b)
1330 N (300 1b)
<1330 N siﬂo 1b
< 1330 N (300 1b
1780 N (400 1b)
< 1780.N (400 1b
< 1780 N (400 1b
1330 N b
1780 N b
1330 N b
1780 N, b

e
ooyt nand
FAARHH (55 141
AN Ak

-

R A

vl aastT

RN

*Provided by Lubrizol Corp. Angamol 33 and 05#60294 are sulfur-containing

additives. Anglamol 6004A is a sulfur-phosphorous adgitiye.. fo BesPeci.
sFaflure occurred at the Indicated Toad: tests not carriod mt ot cmy eryioes

t at smaller loads.




— A S ——

o R s i

WELD LOAD (kg)

i 2 3 4 °

]

Fig. 1 Concentration effect on weld point for sms‘ and
NoS, 1n 1ithium gresse. Data from King and “Asmevem (8).
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pressure test behavior.




*(Z1) aanjeuadusl SA SielL9308
PLLOS 3O A3914RA © 40 SIUSDLS4000 UOLIdHAd ¢ °Bid

| 96 3HNIVYIAAIL
00L 009 00§ 00k OOE 002

u,,,,,%u_ VS

1 ]




¥

‘(§1) sjuebe
ou» 33&8&:”.?_8 v-u._u n

/

40} A3tAL30%8a {03

v,

i g ....-J..... W...\-s.l.s “Anrovey _.,_

RHICLION

ok

AT i 1

L

AR @,




: g IO
»moa..co:sm*vgo..._a&u..._uwo?—:c..mozq__umn.aE

33

119D P00 UOKHIYIY




.. ,
. e .
@
=
NPE 3 S,
wac
3 L o o
o.wn
3
w ) ‘ ,.m s
3 wm
1 (=]
i g3
| . g3
©w
! o
1 [l
i R i o T s R




.nz:-a:oﬁ 8!. M.
_. #M. "$3509 ASIP U0 Ujd-30aq3 _
40) 2umS1p BulpiLs A «85:%8 Sﬂgtm ’ .ax




=E

Ry

pi
3 On-.
ith Sb

graph

_phagb,
2ng W

tool steel):
after s1id

Fig. 8 Optical







LS S AP MRS ot SN ¢ A g S i - R ot R
.M.. i, A s T e A vlv:,.fl:,.saliw,:&, S ass 2t b e PO g oy i
.M q- ? .

Y ¥ o

H . / .,

VRN

3

o
RS G

i

T A
\ I [
SR T

ar

!

S e <
i %

&

e o o e

100

c.

7

ng at 250°

dherent f{im after slidi

1 #icrograph of wear track on disk surfa
]

o
stee?

-pins, 0-2 tool steel disk).

Fig. 10

.

o TN PARNIRDE. SRR <o

T




| w furw) u..._. .
N o8 oo ot o o5 o o @
1,1_

Tm} :

) ]




+

COFREIDIEAL Db LpiCHION

o~
v

143

]
s o

=)

3

B g ]

e gyttt
¥

iF gz,gav.maz* W




511 AU
i 1gd D0
~opprd: $2, B quat RGP

L4thinn Gresse (Raystone W1)
t'&hlm.ollhl! - @.ms

muﬁMonm.
umu-g’_hmousss. - B ms

St o iy mr




e —— e

s g

ke AP N A

hy

Fig. 14 Pin and v.‘n”g
using ¢iffergnt




et

:
4

zi e -

o o S o

~Taal

NOLLOMS 65300

e

Li

&

%.}‘k.uw-«l...




§
1
1
H
!
i
i

o ki e e s

1

ot P

T e

? T -

¥

5

-

750805 O/n Ge10My U3IA (W)L “BlJ S® suoj3jpued swes k5 nﬁ

! ‘ 3 B 1

() 3L

o

5 K ;s vE: R 3 .
s Y WE L;§




e S }nx§i§;t.tgkwm

e s
RS I IR
N Lot it Ry o -

: R
[ ...my....., RO A

.
L BN .,.n_n,ﬁ.,“.,, —T
; . : L

S0 T W14 g SIE
WS O/% €4'0 + T
1S31 XI078-A QW Nid




R o T
COe ke K

-

o

W

N %7 £, ) frp ¥

@ »._..3. ¢§e9§.

PO S lbxi‘:...l\tc

PRy

ue.m.zm%z‘-m. VNN O
e (01 005) N 0022

SLWNSI LSIL HvAM XO0T6-A NV Mid

-

i

mx

-9

e <y, A i v A3 eS8

e e




i Ol (w) oounisig Buipns
. 03 8 . 9 "z -
’ L ¥ | L) ]
||||< . -
. ) - g =3 -
L S g 'S %ingyo v
F - +505QS %iM05 O —
+ | - 950819 es0g wMHT X ~=-’
I suowjo0ds Burky pUD YANG WIS ODIZS
1 g 1 S | 2 1 1 8¢




N

Fig. 20 Transmissfon electron nicrograph of !g
stripped from block wear scar after bfack
tests (52100 steel specimens). Test lubr
RMB1+5 w/o0 SHSHS (a) Amdrphous SbSbHS
crystalline pyrrﬁetite film fragments a#e
(b) Crystalline pyrrhotite fiilm at high ma
cation. (c) Dark field image of (b) to i
size of individual grains.
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Fig. 21 Transmission electron micrograph of film fnrnt
stripped from block (52100 steel) wear scar lubri-
cated with RM81+0.43 w/o S. Polycrystalline film
was determined to be Fesz. .
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. * ] Studies have been carried out to determine certain basic pupmu
of the complex metal sulfide, SbSbS,, that pertatn to 1ts use as a solid
lubricant and lubricant additive mlerial. Past research had dumonstrtted

. " that this materfal exhibited superfor extreme pressure (EP) per '
antiwear properties, and high temperature stability. The presemt
has verified the performance under EP condftions as an additive

ghum However the performence of ShSbS acuﬂil
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also have a significant role in its oVerall performance. -
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